Branch retinal vein occlusion induces complex biological processes in the retina that are generated by a multitude of interacting proteins. These proteins and their posttranslational modifications can effectively be studied using modern proteomic techniques. However, no method for studying large-scale protein changes following branch retinal vein occlusion has been available until now. Obtainment of retinal tissue exposed to branch retinal vein occlusion is only available through experimental animal models. Traditional models of experimental branch retinal vein occlusion require the use of Rose Bengal dye combined with argon laser photocoagulation. The use of Rose Bengal dye is problematic in proteomic studies as the dye can induce multiple protein modifications when irradiated. This paper presents a novel technique for proteomic analysis of porcine retinal tissue with branch retinal vein occlusion combining a dye-free experimental model with label-free liquid chromatography mass spectrometry based proteomics.
Introduction
Branch retinal vein occlusion (BRVO) is the second most frequent retinal vascular disease after diabetic retinopathy [1] . The disease is a common cause of visual loss in middle aged and elderly people [2] . The predominant pathogenetic mechanism for BRVO is thought to be compression of the retinal vein by a thickened retinal artery [2] that occurs at a site of arteriovenous crossing [3] . This mechanical narrowing of the venous lumen results in widespread flame-shaped haemorrhages, axonal congestion, dilated tortuous veins, ischaemia, and oedema upstream of the occlusion [2, 4] .
In retinal tissue BRVO induces complex biological processes that are driven by a multitude of interacting proteins.
For example, the VEGF-VEGF2 signalling pathway has been shown to have an essential role in BRVO [5] . Large-scale protein changes following BRVO can effectively be studied using proteomic technologies to bring new insights into pathological processes and signaling pathway alterations that occur in the disease [6] [7] [8] . However, no method for analyzing large-scale protein changes following BRVO has been established.
From human eyes with BRVO, retinal tissue samples are generally only obtainable at postmortem [9, 10] which makes experimental models of large animals better suited for studying retinal protein changes using proteomics [11] . Porcine retinas are highly suitable for experimental studies of BRVO. Like the human retina the porcine retina is fully 2 Journal of Ophthalmology vascularised which is an advantage if hypoperfusion and ischemia develop [12] . Furthermore, porcine and human eyes are largely identical in size [12] . Therefore, porcine eyes may render a sufficient amount of retinal tissue for proteomic studies. In addition, the size of porcine eyes makes them suitable for validation with fluorescein angiography and fundus photography [13] .
Existing experimental models of BRVO are predominantly based on photothrombosis [14] [15] [16] . With photothrombosis the animal receives an intravenous injection of Rose Bengal dye followed by application of argon green laser burns directly on the branch vein which creates an intravascular thrombus [14, 15] . The peak absorption of Rose Bengal is close to the wavelength of argon laser which makes it possible to use less laser energy [17] .
When exposed to visible light Rose Bengal can induce posttranslational modifications. Therefore, experimental BRVO is best induced without the use of Rose Bengal if the retinal tissue is intended for proteomic experiments. In this paper we introduce a novel method that allows for largescale protein identification of more than 2000 proteins in porcine retinal tissue exposed to experimental BRVO by combining a dye-free experimental model with label-free liquid chromatography mass spectrometry based proteomics.
Materials and Methods
The study was approved by the Danish Animal Experiments Inspectorate (permission number 2013-15-2934-00775). A Danish Landrace pig, approximately 30 kg, was anesthetized with an intramuscular injection of Zoletil (ketamine 6.25 mg/ mL, tiletamine 6.25 mg/mL, zolazepam 6.25 mg/mL, butorphanol 1.25 mg/mL, and xylain 6.25/mL).
Experimental Branch Retinal Vein
Occlusion. The eyes were anesthetized with Oxybuprocaine Hydro 0.4% (Bausch & Lomb) and Tetracaine 1% (Bausch & Lomb) followed by dilatation with Tropicamide 0.5% (Mydriacyl; Bausch & Lomb) and Phenylephrine 10% (Metaoxidrin; Bausch & Lomb). To prevent the corneal surface from becoming dry and compromise the view of the retina Systane Ultra eye drops (Polyethylene Glycol 400, Propylene Glycol; Alcon, Copenhagen, Denmark) were applied every 5 minutes.
BRVO was induced using a standard argon laser (532 nm) that was given by indirect ophthalmoscopy. Initially laser burns were applied around an inferior branch vein to narrow the vessel. The following laser application was given directly on the vein until stagnation of the venous blood flow occurred. After 37 laser applications with a power of 400 mW and a duration of 550 ms the venous blood stagnated in the vein (Figure 1 ). Peripheral flame-shaped hemorrhages appeared within 30 minutes after the occlusion had been induced.
In the inferior retina of the left eye that served as a control, laser was applied in a similar area that was free of vessels. A validating fluorescein angiography was conducted nine days after induction of the BRVO to confirm successful occlusion. By day 15 the pig was examined with ophthalmoscopic examination and fundus photography followed by enucleation of the eyes that were stored at −80 ∘ C until preparation for proteomic analysis. Euthanasia of the pig followed immediately after enucleation. The right eye with BRVO was used for proteomic analysis.
Sample Preparation for Proteomic Analysis.
The porcine eye was thawed on ice. A circumferential incision was made around the iris 2 mm posteriorly to the limbus to remove the cornea and the iris. The lens and the vitreous body were carefully lifted and the retina was peeled from the eye cup and placed in an Eppendorf tube with five 2.3 mm chromium balls. The Eppendorf tube was placed on a Vortex mixer for approximately 30 seconds to homogenize the sample. A volume of 500 L cold PBS was added to the Eppendorf tube followed by another 30 seconds of homogenization on the Vortex mixer. A volume of 50 L of the homogenate was placed in a bead beading tube containing 500 L 5% sodium deoxycholate (NaDOC), pH 8.5, and homogenized by bead beading with a Precellys 24 homogenizer (Bertin Technologies, Rockville, MD, USA) at 6,000 rpm for 20 sec per round. The samples were kept on ice between bead beading runs. The retinal sample was placed in a YM-10 Spin Filter (Millipore) and buffer exchange to digestion buffer (1% NaDOC in 0.1 M TEAB; pH 7.8) was performed. This was followed by reduction at 37 ∘ C using 12 mM TCEP for 30 minutes and alkylation with 40 mM iodoacetamide for 30 minutes followed by two times buffer exchange by centrifugation at 14.400 g into 0.5% NaDOC in 0.1 M TEAB; pH 7.8. For digestion two ug trypsin (modified, Promega) was added for incubation overnight. The filtrate was recovered and sodium deoxycholate was precipitated by adding 5% formic acid followed by recovery of the soluble peptides. An internal standard of 20 fm/uL BSA digest (Waters Massprep) was added and the retinal sample was analyzed by nano-UPLC MS.
Liquid Chromatography Tandem Mass Spectrometry
Data Acquisition. A sample volume of 5 L was transferred onto a Dionex RSLC nano-UPLC system connected to a Quadrupole Orbitrap (Q Exactive Plus) mass spectrometer that was equipped with a NanoSpray Flex ion source (Thermo Scientific, Bremen, Germany). The sample was loaded onto a trapping column (Acclaim PepMap100 C18, 5 m column from Thermo Scientific) at a flow rate of 8 L per min. Peptide separation was conducted at a nanoflow of 300 nL per min on the analytical column (50 cm Acclaim PepMap RSLC). The nanoelectrospray was conducted using a Picotip "Silicatip" emitter from New Objectives. Formic acid 0.1% (buffer A) and 99.9% acetonitrile with formic acid 0.1% (buffer B) were used as buffers. The applied gradient ranged between 10% and 30% over 230 minutes.
Operating in data-dependent acquisition mode a full MS scan in the mass range of 350 to 1400 m/z was obtained at a resolution of 70,000 with an AGC target of 10 6 and maximum fill time set to 100 ms. The contaminant ion at 391.28429 m/z was used for instrument lock mass correction. Up to 12 MS/MS acquisitions on abundant peptide precursor ions were triggered per cycle. The MS/MS scans were acquired with a dynamic mass range at a resolution of 17,500 and with an AGC target of 5 × 10 5 and max fill time of 50 ms. A quadrupole isolation window of 2.0 m/z was used for isolation of the precursor ions that were fragmented in the HCD trap with a normalised collision energy set to 30. An underfill ratio at 1.0% with intensity threshold at 1.0 × 10 5 was used. Apex triggering was set to 3 s-10 s and dynamic exclusion was set to 30 s. The sample was analyzed in three technical replicates.
Protein Identification and Bioinformatics.
Data obtained by mass spectrometry were searched against a pig isoform database optimized from Uniprot using MaxQuant (version 1.5.0.22). The label-free algorithm was activated in MaxQuant. The peptide and protein false discovery rates were set to 1%. A two-tailed, heteroscedastic -test was used to calculate values.
Identified proteins were uploaded onto Perseus (version 1.5.0.9). Technical replicates were averaged by mean and proteins identified by less than two unique peptides were removed from the dataset. Perseus was used to search for proteins that were identified from peptides that were found to be part of a protein derived from the reversed part of the decoy database. These proteins were also removed from the dataset. All identified proteins were exported to Excel (Microsoft Office Standard 2007). Remaining keratins in the dataset were removed. Proteins with no assigned gene name in the identification were searched for on http://www.uniprot.com/ and gene names corresponding to the identified proteins were added.
A bioinformatic analysis was conducted using GeneCodis3 [18] [19] [20] . Gene names corresponding to the identified proteins were entered in GeneCodis3 to conduct Gene Ontology cellular component analysis. Homo sapiens was selected as organism to ensure that all gene names were recognized by GeneGodis3.
values were obtained by hypergeometric analysis corrected by a false discovery rate method.
Results and Discussion
Fluorescein angiography nine days after experimental BRVO showed delayed venous filling of the occluded vein ( Figure 2) . Drainage of venous blood by adjacent veins (Figure 3 ) was observed in the angiography after approximately 12-14 seconds and peripheral haemorrhages ( Figure 4 ) appeared after 30-40 seconds. The vein remained occluded for the entire duration of the angiography that lasted close to 12 minutes. Ophthalmoscopic examination by day 15 showed the retinal vein to be entirely occluded. Peripheral haemorrhages had been absorbed and no retinal edema was observed.
After filtering by the criteria described above the proteomic analysis provided identification of 2686 proteins in the retina that was exposed to BRVO. Gene Ontology analysis showed that a large variety of proteins were identified in the retinal sample (Table 1) .
Dye-Free Photothrombosis versus Photothrombosis with
Administration of Rose Bengal. Donati et al. [16] used a Rose Bengal concentration of 10 mg/kg that was injected intravenously in minipigs of 10 to 12 kg. BRVO was induced by applying argon green laser (wavelength 514 nm) on a branch vein close to the optic nerve head using an energy intensity of 250 mW, a pulse duration of 0.2 seconds, and a spot diameter of 500 m [16] . In our experiment without Rose Bengal the retinal vein remained unaffected when exposed to laser applications at 250 mW suggesting that the use of Rose Bengal reduces the amount of energy that is needed for BRVO to occur.
In a study on porcine eyes by McAllister et al. [15] an intravenous injection of 10 mg/kg of Rose Bengal was injected via an ear vein and BRVO was induced with an argon green laser (wavelength 514 nm) applied via a slit-lamp using the central position of a 3-mirror contact lens. With a spot size of 125 m, power of 150 mW, and duration of 1 second repeated laser burns (approximately 4-5) were applied directly to the inferior branch retinal vein until stagnation of the retinal blood flow was observed [15] . Though a duration of 1 second per laser application is a long exposure time, our experiment may indicate that a larger amount of laser applications is necessary to induce BRVO without Rose Bengal dye. Few laser applications may be an advantage in studies in which creation of the venous thrombus with minimal damage to the retinal vein is important.
Alternatively, BRVO can be induced in a porcine retina by establishing three sclerotomies in the porcine eye as in a three-port pars plana vitrectomy. By slowly lowering the diathermy probe toward the point of diathermia BRVO is induced by touching the vein with the diathermy probe for 6 seconds. No vitrectomy is performed [13] . However, this model requires access to surgical facilities and may affect the proteome of the vitreoretinal interface as the diathermy probe is in direct contact with the vitreous body and the retina.
Protein Modifications Induced by Rose
Bengal. When exposed to visible light and oxygen, Rose Bengal produces singlet oxygen and reactive oxidative species, which can induce a number of protein modifications and interactions that may potentially affect the outcome of the proteomic study conducted [21] . Singlet oxygen ( 1 O 2 ) is known to oxidize the free amino acids Trp, Tyr, His, Cys, and Met resulting in alterations to protein structure and function [22] [23] [24] . These 1 O 2 -mediated changes include oxidation of side chains, dimerization, aggregation, unfolding, conformational changes, and alterations in cellular handling and turnover [24] . In a study by Rahmanto et al. the thioredoxin reductase and glutathione peroxidase as purified proteins and as cell lysates were exposed to Rose Bengal and visible light which resulted in photolysis induced reductions in the activity of the enzymes [22] .
Menon et al. [25] demonstrated that irradiation of retinal pigment epithelium (RPE) cells with visible light in the presence of Rose Bengal dye induces RPE cell lysis in vitro [25] . Rose Bengal has been shown to bind to albumin [26] which makes the dye likely to be distributed to several retinal layers when the blood-retinal barrier is disrupted due to BRVO. Furthermore, Rose Bengal has been shown to induce secondary and tertiary structure alternations of bovinecrystallin in the presence of visible light [27] .
Laser-Induced Effects on Protein Expression.
Laser photocoagulation may potentially affect the retinal proteome. For example, in a proteome study by Quin et al. [28] laser photocoagulation was found to induce a downregulation of Wnt-5 beta and calretinin in Dark Agouti rats with streptozotocin-induced diabetes mellitus.
To measure the proteome change caused by BRVO and avoid the measurement of protein changes caused by laser treatment it is essential to create an adequate control with an area of laser burns that is as identical as possible to the eye with BRVO. The laser exposure in the eye with BRVO should be sufficient for the BRVO to be induced, but unnecessary laser should be avoided. 
Conclusion
In this paper we describe a novel optimized method for proteomic analysis of retinal tissue exposed to experimental BRVO by combining a dye-free photocoagulation based porcine model with liquid chromatography tandem mass spectrometry. Dye-free photocoagulation resulted in successful induction of BRVO. The following proteomic analysis of the retinal tissue resulted in identification of 2686 proteins of various cellular compartments. For proteomic analysis of retinal tissue BRVO is best conducted without the use of Rose Bengal to avoid the multiple protein modifications that are induced when the dye is irradiated. However, induction of BRVO without Rose Bengal dye may require a larger number of laser applications and a higher level of laser energy.
Therefore, creation of an adequate control with an area of laser burns that is similar to the eye with BRVO is essential to avoid measuring laser-induced proteome changes.
